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 This study presents a computational investigation of a hybrid solar chimney (HSC) system 

optimized through the introduction of internal geometric modifications—specifically, a 

nozzle, a canopy, and a combined nozzle-canopy design. The objective is to enhance 

natural ventilation and increase power output by improving airflow dynamics and thermal 

performance. Using Computational Fluid Dynamics (CFD), three modified HSC models 

were analyzed and compared to a validated baseline case. The results indicate that the 

nozzle increases axial velocity and improves the conversion of thermal energy to kinetic 

energy, while the canopy stabilizes and directs the updraft, enhancing flow coherence. The 

combined model achieved the highest performance, with a maximum air velocity of 4.18 

m/s and a power output increase of over 80% compared to the conventional design. 

Temperature contours revealed improved thermal stratification and energy retention, 

particularly along the chimney centerline. The findings confirm that integrating both nozzle 

and canopy structures into the chimney design significantly enhances system efficiency, 

providing practical insights for sustainable building ventilation and solar energy utilization. 
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1. INTRODUCTION 

 

The global energy sector is undergoing a fundamental 

transition toward renewable resources as a means of reducing 

dependence on fossil fuels and mitigating climate change. 

Among these alternatives, solar energy has emerged as one of 

the most promising options due to its abundance, sustainability, 

and potential to support the growing demand for clean 

electricity. Projections by the International Energy Agency 

suggest that solar power could become the world’s largest 

source of electricity by 2050, contributing over one-third of 

global production. Despite these prospects, the widespread use 

of solar energy is constrained by intermittency, high initial 

investment, and the relatively modest efficiency of current 

technologies. 

In parallel, buildings responsible for a substantial share of 

global energy use through heating, cooling, ventilation, and 

lighting are increasingly targeted for energy conservation 

strategies. Solar chimneys, also known as solar updraft towers, 

represent an effective passive system that simultaneously 

enhances natural ventilation and generates renewable energy. 

However, conventional solar chimney designs are often 

limited by low airflow velocity and insufficient power output, 

which restricts their scalability and broader application. 

Hybrid solar chimney (HSC) systems have been developed as 

an advanced alternative, combining solar thermal collection 

with photovoltaic integration to improve efficiency and 

multifunctionality. Although recent research has introduced 

various modifications—including structural changes, 

hybridization with auxiliary systems, and material 

enhancements further design optimization is necessary to 

overcome the challenges of cost, system complexity, and 

performance under variable environmental conditions. Iraq 

aims to install 12GW of solar photovoltaic capacity by 2030, 

representing approximately 25% of the country’s total power 

generation capacity [1]. In this context, energy conservation, 

demand-reduction strategies, and the use of renewable 

resources have gained increasing attention. Energy 

consumption in buildings primarily arises from ventilation, 

heating, cooling, and lighting. Among these, ventilation plays 

a vital role as it directly influences occupants’ comfort and 

health [2-5]. Despite advancements, solar energy systems 

continue to face efficiency limitations, motivating efforts to 

enhance their performance. Solar chimneys, also referred to as 

solar updraft towers, are one such technology developed to 

harness solar energy for electricity generation [6, 7]. 

A HSC offers a promising approach to enhancing 

sustainability in both the energy and construction sectors. 

Figure 1 illustrates its general operation, showing how air 

enters from the lower surface and rises toward the central 

chimney section. 

While all of these sources can be utilized, achieving this 

depends largely on the geographical location and time 

conditions to design robust systems that utilize these resources 

as efficiently as possible [8-10]. Despite recent advances in 

improving renewable energy technologies, studies indicate 

that utilization rates and efficiency are still generally below the 

desired level. Therefore, this study focuses on solar and wind 

energy in particular, given their direct relevance to the current 

research objectives. Solar energy is one of the most promising 
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solutions to the global challenges of fossil fuel depletion and 

climate change, as it is a clean, renewable and virtually 

unlimited source [11, 12]. According to the International 

Energy Agency (IEA), solar energy is expected to become the 

world’s most important source of electricity by 2050, 

contributing more than 33% of total production [13]. 

 

 
 

Figure 1. General diagram of the hybrid solar inlet system 

[8] 

 

However, the uses of solar energy face challenges such as 

the high initial cost of equipment and its dependence on 

weather conditions [14, 15]. Furthermore, recent technological 

advances in energy storage (such as advanced batteries) and 

improved solar cell efficiency (which has exceeded 22% in 

some technologies) are beginning to reduce these barriers [16, 

17]. Recent studies suggest that investing in solar energy could 

radically transform the energy sector, especially as its cost has 

fallen by 82% between 2010 and 2020, making it a strong 

competitor to conventional fuels [18]. Estimated by IRENA 

using a range of data sources, the total amount of renewable 

energy in 2024 was 1599 MW, of which 42 MW came from 

solar energy [19]. The installed capacity of solar electricity, 

including the locations of individual solar farms, is less than 

0.1 GW [20, 21]. Moreover, the HSC is an innovative 

development that combines solar thermal and photovoltaic 

technologies to enhance ventilation efficiency of the system 

and generate energy simultaneously. While a conventional 

solar chimney relies on heating the air with solar radiation to 

stimulate natural ventilation, the hybrid version integrates 

photovoltaic (PV) panels on the chimney’s exterior surfaces, 

allowing excess solar radiation to be converted into electricity 

[22]. This integration enables the system to achieve two 

purposes: Improve ventilation through upward air currents, 

and generate clean energy to support the needs of the building 

or the local grid [8]. The most important of this HSC trend is 

that the initial construction cost and the design of complex 

hybrid systems are still major obstacles, especially in resource-

limited areas [23]. 

Ghorbani et al. [24] prepares a novel design that integrates 

a tower of dry cooling and a solar chimney to enhance thermal 

effectiveness on the Shahid Rajaee 250 MW power plant of 

steam in Iran, employing a numerical finite volume method to 

analyze various dimension parameters of a hybrid cooling 

tower. The design optimizations resulted in a power output 

ranging from 360 kW to over 4.4 MW, leading to a maximum 

thermal efficiency increase of 0.538%. Zou and He [25] 

developed a three-dimensions model to compare the 

performance of Hybrid Cooling Tower–Solar Chimney 

(HCTSC), and natural draft dry cooling towers in terms of 

turbine power output and heat dissipation. Although the power 

production is more than 20 times that of a conventional solar 

chimney, the heat dissipation capacity is compromised. This 

can be regained to increase the heat exchanger's surface area 

for heat transfer. 

Al-Kayiem et al. [26] proposed a HSC system enhanced with 

flue gas thermal channels to enable continuous power 

generation, including at night. A prototype with a 6 m collector 

and 6.65 m chimney was tested and simulated using ANSYS-

Fluent. Validation showed good agreement with experimental 

data. Without flue gas, airflow and temperature rose by 6.87% 

and 6.3%. With flue gas at 116℃, mass flow and efficiency of 

collector improved by 12% and 64%, respectively. The study 

confirms the hybrid design significantly boosts performance 

and supports 24/7 operation. Hou et al. [27] examined the 

effectiveness of solar chimneys in enhancing natural 

ventilation by analyzing airflow behavior with varying gap-to-

height ratios (0.1-0.5). A reverse flow was detected at the 

outlet when the gap reached 400 mm, adversely affecting 

airflow. The findings reveal nonuniform temperature and 

velocity distribution within the chimney, complicating airflow 

prediction. 

Abdelsalam et al. [28] used a year’s weather data from 

Aqaba, Jordan, the hybrid solar chimney power plant (HSCPP) 

produced 528 MWh/year 50% more electricity than a standard 

solar chimney power plant (SCPP) and desalinated 138,300 m³ 

of seawater annually, 1.5 times higher than the traditional 

system. It also cut CO₂ emissions by 40% and improved 

efficiency by 1.4 times, offering a sustainable, economically 

viable solution for water and energy production. Nugroho and 

Ahmad [29] demonstrated that integrating passive strategies 

like solar chimneys and vertical greenery can effectively 

reduce indoor temperatures by up to 5.5℃ in tropical climates, 

enhancing natural ventilation and maintaining thermal comfort 

without mechanical cooling. Moosavi et al. [30] developed a 

passive cooling strategy incorporating a solar chimney, 

windcatcher, and system for water spraying to enhance natural 

ventilation in a two-storey building. Numerical simulations 

supported by experimental validation demonstrated the 

effectiveness of the integrated system in improving airflow 

and reducing indoor temperature. The implementation of the 

water spray and windcatcher led to a rate indoor temperature 

reduction of 5.2℃ and achieved a peak air change rate of 9 

ACH. On the hottest summer days, the system reduced energy 

consumption for ventilation and cooling by 90% and 75%, 

respectively. A new approach to increase the efficiency of the 

solar chimney using PV panels was proposed by Singh et al. 

[31]. The results indicated that the chimney outlet to inlet 

radius ratio, Rco /Rc (CORR) ratio and collector inlet changed, 

and that the most effective area for cooling solar cells is about 

80% of the collector area evaluated from the center of the 

system tower. Additionally, the shape of the chimney tower 

and solar collector was modified, which resulted in a 7% 

increase in system efficiency. 

Cao et al. [32] performed a numerical study to assess the 

influence of incorporating phase change materials (PCM) into 

a solar chimney system, considering the climatic conditions of 

Hong Kong. The findings demonstrated that the integration of 

PCM led to a 14.8% increase in power generation compared 

to a conventional solar chimney. However, this enhancement 
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was accompanied by a 7.6% decrease in ventilation 

performance relative to a configuration combining the solar 

chimney with photovoltaic (PV) panels, indicating a 

performance trade-off between thermal storage and airflow 

efficiency. Esmail et al. [33] suggested three types of turbines 

were numerical analysis to study on the performance of SCPP. 

The conventional blade element theory (BET), a modified 

BET, and the matrix through flow method (MTFM) are the 

three turbine designs that are taken into consideration. The 

results demonstrated that the BET's updated version produced 

the most power. Kebabsa et al. [34] introduced a novel solar 

chimney tower design, revealing that thermal efficiency is 

highly influenced by variations in both external and internal 

tower radii (ETR and ITR). The new design achieved a 32% 

increase in power output, while reducing the tower surface 

area by 40%, with only a minimal power drop of 6.06%. 

Alkaragoly et al. [35] proposed a hybrid SC–PV–EAHE 

system to improve ventilation, thermal comfort, and electricity 

generation. Simulations using summer data from Baghdad and 

Tehran showed it met cooling demands (116–1500 W), while 

16 PV panels generated up to 1042 W in Tehran and 768 W in 

Baghdad, covering most residential energy needs. El Hadji et 

al. [36] conducted an experiment investigation the effect of 

solar radiation concentration on a solar chimney collector 

(SCCC), with a (2 m × 2 m × 2 m) test building in Dakar. 

Results showed that adding three reflectors significantly 

increased solar radiation absorption, which findings confirm 

that radiation concentration enhances chimney performance, 

promoting improved natural ventilation in bioclimatic 

buildings. Esmail et al. [37] conducted an experimental 

investigation to examine the impact of wind speed on the 

airflow characteristics within the chimney of a SCPP. Key 

parameters monitored during the experiment included solar 

radiation, ambient temperature, wind speed above the chimney, 

and the internal air velocity. The results revealed that an 

increase in wind speed at the chimney outlet significantly 

increased the updraft air velocity, which improved the SCPP's 

overall effectiveness and performance. Mahmood and 

Aljubury [38] tested an original hybrid PV/evaporative 

cooling (PV/EC) system to enhance PV efficiency and provide 

cool air. The system integrates cooling pads beneath the PV 

panel, reducing roof heat gain. Using pads of varying 

thicknesses, efficiency improved by up to 11.2%, with panel 

cooling reaching 20℃ and air supplied at 24.7℃ and 71% RH. 

Results confirm improved thermal and electrical performance. 

Sundararaj et al. [39] optimized a solar chimney power plant 

with a semi-convergent collector and divergent chimney using 

CFD and experiments. Results showed a temperature rise of 

18 K and increased mass flow from 0.04 to 0.06 kg/s, 

enhancing power output. Simulation closely matched 

experiments, supporting the design’s potential for large-scale 

green energy generation. Hassan [40] modified power plant of 

solar chimney incorporated with a mechanism for cooling via 

solid sorption is proposed to improve solar energy utilization 

and power output. The main modification consists of 

positioning the condenser tubes at the collector inlet, enabling 

the incoming airflow to absorb heat from the condenser before 

entering the system. A dynamic model was developed to 

assess performance. The main finding shows a 5.95% 

enhanced in output power and a 6% boost in solar-to-

electricity efficiency liken to the original design, confirming 

the benefits of heat recovery from condensation. 

Elsayed et al. [41] evaluated a hybrid energy system 

combining a small-scale solar chimney with bladeless and 

horizontal-axis wind turbines (VBSCS) for sustainable power 

generation in Egypt. Using modeling, CFD, and experiments, 

the impact of absorber materials was assessed. Shredded 

rubber improved thermal performance, increasing output to 

0.25 W compared to 0.18 W for concrete. The VBSCS 

achieved 0.29 W, showing a 61.1% improvement over the 

basic system. Results confirm that design and material choices 

significantly affect system efficiency. Merie and Ahmed [42] 

examined how cloudy weather affects PV/solar chimney 

performance. Tests on clear and cloudy days showed power 

output dropped from 341.92 W to 187.88 W, and total 

efficiency fell from 69.65% to 54.12% at noon. The results 

confirm high sensitivity to reduced solar irradiance. Nie et al. 

[43] suggested a solar chimney designed for greenhouse 

structures that has a rectangular collector to promote 

agricultural and clean energy. By adjusting the infusion angle 

to minimize resistance loss as determined by a transition 

factor, collector efficiency is greatly increased. The optimal 

design, which was based on response surface approach, 

achieved 48.75% efficiency and (-6.1 Pa) static pressure, 

which is a 213% and 563% increase over the original model, 

respectively. 

Abo-Zahhad et al. [44] examined the impact of ground 

thermal properties on SCPP performance. Simulations, 

validated with the Manzanares prototype, showed that 

improved conductivity and specific heat enhanced efficiency. 

Under Aswan’s climate, efficiency reached 39.11%, with a 

17.71% power gain, highlighting the value of optimizing 

ground materials. Ba-swaimi et al. [45] assessed integrated 

hybrid renewable energy systems (IHRES) for healthcare 

using HOMER Pro. The optimal standalone PV/BES/Genset 

setup cut costs by 76.81% with 95.2% renewable energy. Grid-

connected PV/BES/Grid achieved the lowest levelized cost of 

energy (LCOE) ($0.0879/kWh) and 91.2% REF, showing grid 

integration boosts reliability and sustainability. Qasim et al. 

[46] evaluated hybrid power systems for remote Iraqi 

communities using HOMER Pro. The optimal 

PV/WT/BESS/DG setup produced 90.1 MWh/year, with 

71.7% from solar, 27.8% from wind, and minimal diesel use. 

It achieved a low LCOE of $0.0521/kWh, the net present cost 

(NPC) of $40,681, and CO₂ emissions of 426 kg/year, a major 

reduction compared to diesel-heavy systems. The study offers 

a scalable, cost-effective, and sustainable energy solution for 

off-grid regions in Iraq. 

Based on the above, there is a great opportunity to invest in 

solar energy and convert it into sustainable energy in the 

process of reducing fossil fuel consumption by incorporating 

it into architectural designs during the construction of public 

buildings, especially when heating and ventilation within the 

interior space. 

This study highlights the critical influence of chimney 

geometry and airflow dynamics on the performance of HSC 

systems, emphasizing that design modifications such as wall 

slopes and entrance height can significantly affect efficiency. 

Building upon a validated baseline model from previous 

research [26]. Three geometric configurations were proposed 

to enhance energy production: the first incorporating four 

internal nozzles, the second adding a canopy at the chimney 

outlet to stabilize and direct airflow, and the third combining 

both features in an integrated nozzle-canopy design. Using 

CFD simulations supported by prior experimental validation, 

the analysis examined airflow patterns, temperature 

distribution, and power generation across these configurations. 

The results demonstrate that structural interventions can 
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markedly improve system efficiency, with the combined 

nozzle-canopy model delivering the highest gains in airflow 

velocity and energy conversion. These findings offer practical 

insights into optimizing chimney geometry for HSC systems, 

supporting their application in sustainable building ventilation 

and decentralized renewable energy solutions. 

 

 

2. RESEARCH METHODOLOGY 

 

This research adopts a quantitative-numerical approach 

based on CFD modeling to analyze the performance of the 

HSC, incorporating experimental data from previous studies to 

validate the results. The research aims to: Evaluate the thermal 

and electrical efficiency of the hybrid chimney under different 

operating conditions for the three models. Identify the 

optimum factors for improving ventilation and power 

generation such as airflow velocity. Compare the performance 

with conventional power systems. 

 

2.1 Describe the model geometry 

 

Model A is to add internal four nozzles to a 6 m long 

chimney to take advantage of the air concentration in the 

middle of the chimney directed directly to the generator fan in 

four areas as shown in Figure 2. The B model is to add a 

canopy at the end of the chimney that redirects the lateral air 

upwards so that it does not form a barrier to the chimney 

nozzle, in addition to increasing the possibility of drawing air 

from above as a result of the lateral air movement. Model C is 

to combine Model A with Model B and then solve the cases 

shown in Figure 3. 

 

 
 

Figure 2. Overall design of the three models a, b, and c to 

improve and develop HSC 

 

2.2 Mesh generation and independence check 

 

A prototype was designed for the purpose of verifying the 

validity of the solution based on a previous study Figure 4 

regarding the dimensions and materials used in the simulation 

as shown in Figure 3, which also shows the distribution of 

elements and nodes (mesh). Then the simulation was 

conducted based on the data of the previous study in 

determining the materials used and determining the boundary 

condition [26]. After verifying the correctness of the solution 

and an acceptable error rate for the prototype, the other three 

designs were moved to modify the prototype while 

maintaining the physical properties and boundary condition. 

Table 1 represents the number of nodes and elements for the 

prototype and models a, b and c. 

 

 
 

Figure 3. Prototype with elements and nodes 

 

 
 

Figure 4. Diagram of the traditional SC computer model [26] 

 

To verify the validity of the results, a model of previous 

studies was simulated and then compared with the results 

obtained, shown in Figure 5.  The results in previous studies 

show that the speed in the first case is 1.97 m/s, while in the 

current study it is 1.818 m/s, with the absolute error is 7.7%. 

These ratios are considered acceptable. Both studies were 

simulated at standard atmospheric conditions. 

 

Table 1. Distribution of elements and nodes for prototype 

 

Model Elements Nodes Vmax (m/s) 
Error 

(Velocity) % 

Coarse 1231999 592866 1.746 11.370 

Medium 1305370 603161 1.797 8.781 

Fine 1400573 699133 1.813 7.969 

More fine 1491099 735737 1.818 7.7 
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a) Current study (Prototype) 

 

 
b) Al-Kayiem [26] 

 

Figure 5. Validation of current study 

 

2.3 Governing equations and models 

 

The mass, momentum, and energy conservation equations 

governing the HSC's flow model were solved using 

commercial ANSYS Fluent after appropriate boundary 

conditions were applied. The steady-state version of the 

governing equations is as follows [47-51]: 

 

Continuity equation: 

 
𝜕

𝜕𝑥
(𝑢) +

𝜕

𝜕𝑦
(𝑣) +

𝜕

𝜕𝑍
(𝑤) = 0 (1) 

 

X – direction (U momentum): 

 

𝜌 (
𝜕

𝜕𝑥
(𝑢𝑢) +

𝜕

𝜕𝑦
(𝑢𝑣) +

𝜕

𝜕𝑧
(𝑢𝑤)) 

= −
𝜕𝑝

𝜕𝑥
+ 𝜇 ((

𝜕2𝑢

𝜕𝑥2
) + (

𝜕2𝑢

𝜕𝑦2
) + (

𝜕2𝑢

𝜕𝑧2
)) 

(2) 

 

Y – direction: 

 

𝜌 (
𝜕

𝜕𝑥
(𝑢𝑣) +

𝜕

𝜕𝑦
(𝑣𝑣) +

𝜕

𝜕𝑧
(𝑣𝑤)) 

= −
𝜕𝑝

𝜕𝑦
+ 𝜇 ((

𝜕2𝑣

𝜕𝑥2
) + (

𝜕2𝑣

𝜕𝑦2
) + (

𝜕2𝑣

𝜕𝑧2
)) − 𝑔𝜌 

(3) 

 

Z – direction: 

 

𝜌 (
𝜕

𝜕𝑥
(𝑢𝑤) +

𝜕

𝜕𝑦
(𝑣𝑤) +

𝜕

𝜕𝑧
(𝑤𝑤)) 

= −
𝜕𝑝

𝜕𝑧
+ 𝜇 ((

𝜕2𝑤

𝜕𝑥2
) + (

𝜕2𝑤

𝜕𝑦2
) + (

𝜕2𝑤

𝜕𝑧2
)) 

(4) 

 

And energy conservation equation is: 

 

𝐶𝑝𝜌 (
𝜕

𝜕𝑥
(𝑢𝑇) +

𝜕

𝜕𝑦
(𝑣𝑇) +

𝜕

𝜕𝑧
(𝑤𝑇))

= 𝑘 ((
∂2T

∂x2
) + (

∂2T

∂y2
) + (

∂2T

∂z2
))

+ 𝑆𝐸 

(5) 

 

The modeled transport equations for k and ε in the realizable 

(k, ε) model are: 
 

k – equation: 

 

𝜌
𝜕

𝜕𝑥𝑗

(𝑘𝑈𝑗) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥𝑗

] + 𝑆𝑘 (6) 

 

ε – equation: 

 

𝜌
𝜕

𝜕𝑥𝑗

(𝜀𝑈𝑗) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕𝜀

𝜕𝑥𝑗

] + 𝑆𝜀 (7) 

 

where, 

Sk: source of kinetic energy 

Sε: source of dissipation rate 

The following formula was used to determine the density in 

the Boussinesq approximation: 

 

𝜌 = 𝜌0[1 − 𝛽(𝑇 − 𝑇0)] (8) 

 

2.4 Boundary conditions 

 

The CFD domain with the boundary condition for 

conventional and HSC listed in Table 2, and Figure 6 shows 

the air intake and outlet areas, where the blue arrow indicates 

the air intake area, while the red arrow indicates the air outlet 

area. 

 

Table 2. Inlet and outlet conditions of conventional and 

hybrid for solar chimney models used in simulations 

 
Region Set Rate 

bottom wall Adiabatic 

Canopy wall Hw = 8W/m2.K 

Chimney wall Adiabatic 

Inlet of collector Inlet Pgage = 0 Tamb = 307 K 

Outlet of chimney Outlet Pgage = 0 Tamb = 307 K 
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Figure 6. Air intake and exhaust locations 

 

 

3. RESULTS AND DISCUSSION 

 

After comparing the initial results of the proposed model 

with previous studies to verify the validity of the model and 

the accuracy of the data, simulations were conducted for the 

three proposed models to obtain and analyze the results. The 

simulation results of the three models for flow velocity were 

different as shown in the three figures below, see Figures 7-9. 

 

 
 

Figure 7. Velocity field for model A 

 
 

Figure 8. Velocity field for model B 

 

 
 

Figure 9. Velocity field for model C 

 

3.1 Velocity field distribution 

 

Figure 7 illustrates the vertical and radial velocity vector 

distributions within the solar chimney system incorporating a 

converging nozzle structure. The primary aim of the nozzle is 

to enhance airflow acceleration by narrowing the flow path 

and thereby increasing the vertical momentum of the rising 

heated air. 

The vertical velocity contours reveal that the airflow is 

effectively accelerated through the nozzle throat, achieving a 

maximum velocity of approximately 3.68 m/s near the 

chimney axis. The high-velocity jet formation is distinctly 

visible along the chimney centerline, indicating that the 

internal nozzle significantly improves the thermal-to-kinetic 

energy conversion. This effect is consistent with classical 

nozzle theory, where reduced cross-sectional area leads to 

increased flow speed under buoyancy-driven pressure 

gradients. 
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The streamlines at the chimney entrance show a smooth and 

directed flow convergence from the collector region toward 

the nozzle, confirming efficient flow guidance and minimal 

recirculation losses. The canopy effect appears to complement 

the nozzle function by aiding in radial flow collection and 

channeling it upward. This combination results in a stable 

vertical jet, which is crucial for maximizing the performance 

of turbines positioned at the chimney base or mid-height. 

Cross-sectional velocity vector maps further highlight the 

symmetry and consistency of the flow within the chimney. The 

central core maintains high upward momentum, while the 

surrounding flow regions exhibit well-distributed radial and 

tangential velocities, contributing to the overall flow stability. 

The vortex structures observed in the radial slices suggest the 

presence of shear layer development, which could enhance 

turbulent mixing and improve energy extraction if strategically 

harnessed. 

Figure 8 presents the vertical and cross-sectional velocity 

vector distributions for the solar chimney system featuring an 

internal canopy structure located in the upper chimney region. 

The canopy, arranged in a pyramidal or conical configuration, 

serves to influence the internal airflow dynamics, particularly 

by shaping the updraft near the chimney outlet. 

The velocity vector distribution shows a highly 

concentrated vertical jet along the chimney centerline, 

reaching a maximum axial velocity of approximately 3.40 m/s. 

This strong central updraft indicates the effective funneling 

effect created by the canopy, which confines the rising heated 

air and promotes axial flow stability, which increases the 

velocity about (45%) if compared with previous study  [26]. 

From the streamline patterns at the base and collector 

entrance, it is evident that air is efficiently guided into the 

chimney, with minimal flow separation. The internal canopy 

helps reduce velocity dispersion near the chimney top by 

maintaining flow alignment along the vertical axis, thus 

minimizing losses due to radial expansion. 

The cross-sectional velocity vector plots further support this 

observation. The canopy-induced confinement creates a well-

defined and symmetrical velocity distribution, with reduced 

swirl and limited lateral velocity components. The uppermost 

radial slice, taken near the canopy region, shows a pressure 

equalization effect, where the flow becomes more uniform as 

it approaches the exit. This behavior is beneficial for turbine 

installations at the chimney outlet, where a steady and directed 

velocity field enhances mechanical efficiency and reduces 

mechanical stress on turbine blades. The nozzle modification 

generates elevated turbulent kinetic energy (TKE) 

downstream of the throat due to strong shear layers, which 

enhances thermal to kinetic energy conversion but also 

introduces localized dissipation and unsteady flow features. In 

contrast, the canopy reduces turbulence intensity at the outlet 

by directing the updraft vertically, thereby suppressing large-

scale vortex shedding and improving flow coherence. When 

both modifications are combined, the accelerated jet produced 

by the nozzle is stabilized by the canopy, yielding a 

concentrated high-velocity core with minimized lateral swirl. 

Vortex structures in this integrated configuration are confined 

to smaller, less energetic eddies, reducing pressure 

fluctuations and turbulence-driven energy losses while 

sustaining the highest power output. This analysis indicates 

that while the nozzle favors acceleration and the canopy favors 

stabilization, their combination provides the most effective 

balance, enhancing aerodynamic efficiency and reducing flow 

instabilities. 

Moreover, the canopy acts as a flow stabilizer, preventing 

excessive turbulence and vortex formation at the exit, which 

are typically detrimental to energy conversion efficiency. The 

mild shear zones observed around the canopy base suggest 

limited energy dissipation, indicating that the structure aids in 

preserving the vertical kinetic energy of the rising air column. 

Figure 9 presents the radial velocity contours inside the 

solar chimney system with an integrated nozzle and canopy. 

The results demonstrate the substantial impact of these design 

modifications on the internal flow field and overall 

performance. 

The simulation reveals a prominent increase in radial 

velocity along the central axis of the chimney, particularly 

downstream of the nozzle. The maximum recorded radial 

velocity reached approximately 4.18 m/s, indicating a strong 

acceleration effect due to the converging nozzle geometry. 

This accelerated core flow confirms the effectiveness of the 

nozzle in enhancing the chimney’s draft effect by converting 

thermal buoyancy into kinetic energy more efficiently which 

increases the velocity about (55.2%) If compared with 

previous study [26]. 

In addition, the angled canopy structure positioned within 

the upper region of the collector redirects the incoming airflow 

toward the centerline of the chimney. This redirection 

contributes to the formation of a compressed central jet, 

improving the radial velocity gradient and creating a stronger 

updraft. The flow profile shows a clear distinction between the 

high-velocity core and the surrounding low-speed zones, 

suggesting the development of shear layers and enhanced 

turbulent mixing. 

 

3.2 Temperature distribution analysis 

 

Figure 10 displays the temperature contour within the solar 

chimney system equipped with an internal nozzle. The 

temperature distribution illustrates a clear thermal gradient 

from the collector base to the chimney outlet, with 

temperatures ranging from 298 K to 310 K. The highest 

temperatures are concentrated near the ground-level collector, 

where solar heating is most effective. 

As air rises through the chimney, a gradual temperature 

drop is observed, confirming the conversion of thermal energy 

into kinetic energy. The nozzle contributes to this process by 

accelerating the heated air, which enhances the chimney's 

buoyancy-driven flow. The relatively uniform vertical 

temperature distribution within the chimney core indicates 

stable upward motion and efficient energy transfer. 

Figure 11 shows the temperature distribution within the 

solar chimney system incorporating an internal canopy. The 

temperature gradient ranges from 298 K at the base to a 

maximum of 310 K near the chimney centerline. The highest 

temperature region is concentrated along the vertical axis, 

indicating efficient solar heating and sustained buoyancy-

driven flow. 

The presence of the canopy helps to confine and direct the 

heated air upward, resulting in a more focused and continuous 

thermal column. This confinement minimizes radial heat 

dispersion, enhancing thermal energy retention along the 

centreline. The smooth temperature transition from the 

collector to the outlet suggests stable thermal stratification, 

which is essential for maintaining a steady updraft. 

Figure 12 presents the temperature contours of the solar 

chimney system integrating both an internal nozzle and 

canopy. The combined configuration shows a well-defined 
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and continuous high-temperature core, with peak values 

reaching approximately 310.8 K. The heated air is effectively 

guided along the chimney axis, with minimal radial dispersion. 

The nozzle at the base enhances thermal energy conversion 

by accelerating the incoming heated air, whiles the canopy at 

the top confines and stabilizes the vertical flow. This synergy 

creates a uniform thermal plume that extends from the 

collector to the chimney outlet. The outer temperature gradient 

indicates effective thermal insulation and containment within 

the core flow. 

 

 
 

Figure 10. Temperature contour model A 

 

 
 

Figure 11. Temperature contour model B 

 

Temperature distribution under the canopy shows slight 

cooling near the edges, suggesting efficient heat extraction at 

the center, where the turbine can be most effectively 

positioned. The combined effect of both components improves 

thermal stratification, increases buoyancy force, and ensures 

enhanced vertical draft. 

 

 
 

 
 

 
 

Figure 12. Temperature contour model C 
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3.3 Power production estimate 

 

The properties of the air inside the vortex generator are 

covered in this section. For the vortex domain (from the base 

of the chimney to the outer region), area-weighted average 

data are shown in the form of graphs and outlines . 

Theoretically, Table 3 uses the following formula to 

calculate the kinetic power produced by the solar chimney, 

which is based on the mass flow rate of the air entering the 

chimney [32]: 

 

𝑃𝑜𝑢𝑡 =
1

2
𝜌𝐴𝑏𝑎𝑠𝑒 𝑐ℎ𝑖𝑚𝑛𝑒𝑦𝑉𝑜𝑢𝑡

3  (9) 

 

Figure 13 shows the direct relationship between airflow 

velocity and power production in the HSC. The baseline case 

produced only 0.81 × 10⁻¹ W at a velocity of 1.97 m/s, while 

the nozzle modification (Model A) increased velocity to 3.628 

m/s and boosted power to 5.06 × 10⁻¹ W (84% gain). The 

canopy (Model B) achieved 3.402 m/s and 4.17 × 10⁻¹ W (77.6% 

gain). The combined nozzle-canopy design (Model C) 

delivered the best performance, with 4.18 m/s velocity and 

7.74 × 10⁻¹ W power output (80.6% improvement). The figure 

highlights that higher velocities, particularly from the 

integrated design, significantly enhance energy generation 

efficiency. 

 

Table 3. Estimated power production of three models 

 

Cases Velocity (m/s) 
Power Production × 

10-1 (W) 
Power in % 

Previous study 1.970 0.810 - 

Model A 3.628 5.06 84.0 % 

Model B 3.402 4.17 77.6 % 

Model C 4.18 7.74 80.6 % 

 

 
 

Figure 13. The impact of flow velocity on power production 

 

3.4 The trade-off between structural complexity and 

performance gain 

 

The results demonstrated that geometric interventions 

directly influence updraft intensity and energy conversion 

efficiency. Specifically, the nozzle improved internal airflow 

speed by constricting and directing the thermal plume, while 

the canopy reduced exit turbulence and enhanced vertical flow 

coherence. The combined nozzle–canopy design produced the 

most favorable outcomes, achieving a substantial increase in 

air velocity and power potential. 

Despite these performance improvements, a trade-off arises 

between structural complexity and practical applicability. 

Incorporating internal nozzles requires precise fabrication and 

alignment to ensure smooth flow convergence, while canopy 

structures add to construction demands, material usage, and 

long-term maintenance requirements. When both 

modifications are integrated, the overall complexity increases 

further, potentially elevating system cost and reducing ease of 

deployment in resource-limited regions. Additionally, highly 

complex geometries may compromise system robustness 

under fluctuating environmental conditions. 

Therefore, while even minor structural changes can yield 

significant performance gains, practical applications must 

balance efficiency improvements with construction feasibility, 

cost-effectiveness, and operational sustainability. These 

insights confirm the critical role of passive design 

optimization in solar-driven ventilation systems, especially in 

hot-climate regions where such strategies support sustainable 

building integration and renewable energy utilization. 

 

 

4. CONCLUSIONS 

 

The geometric modifications applied to the HSC 

demonstrated distinct mechanisms for improving flow and 

thermal performance. The nozzle modification accelerated the 

updraft by narrowing the flow passage, which increased the 

axial velocity to approximately 3.68 m/s, representing an 84% 

improvement compared with the baseline case (1.97 m/s). This 

acceleration enhanced the conversion of thermal energy into 

kinetic energy, as confirmed by the more uniform vertical 

temperature gradient observed within the chimney core. The 

canopy modification, in contrast, contributed mainly to flow 

stabilization, directing lateral airflow upward and reducing 

turbulence at the outlet. This resulted in a maximum axial 

velocity of about 3.40 m/s, which corresponds to a 45% 

improvement over the baseline, while thermally it minimized 

radial heat dispersion and maintained buoyancy-driven 

stratification along the chimney axis. The integration of both 

features in the nozzle-canopy design provided a synergistic 

effect, combining acceleration with stabilization, and 

produced the highest performance. The maximum velocity 

reached 4.18 m/s, equating to a 55% increase over the 

reference study, while the corresponding power production 

rose to 7.74×10⁻¹ W, reflecting an 80.6% gain compared with 

the conventional configuration. This demonstrates that while 

each modification has a specific contribution-nozzle for 

acceleration and canopy for stabilization, their combined 

effect offers the most effective enhancement in both 

aerodynamic and thermal performance. Future research should 

focus on simplified yet effective design variants, supported by 

experimental validation and parametric optimization, to 

ensure the scalability of HSCs in zero-energy buildings and 

decentralized renewable power systems. 
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